It is well established that climatic and geographic factors control the stable isotope composition of precipitation. These relationships are of major importance in climate studies, in particular for the interpretation of isotope data from paleoclimate archives.
Introduction
Determining and interpreting the concentration of stable 18 water isotopologues (especially HDO and H O) in precipi-2 tation and other water reservoirs has applications in several scientific fields including paleoclimatology, hydrology and hydrogeology. The reason for this applicability is explained by the close relationship of stable isotope compositions of meteoric waters (rain and snow), prevailing meteorological parameters, and geographical conditions. On a global scale, x 10 ‰ several "isotope effects" are found to control the stable isotope composition of precipitation; namely the temperature-, amount-, altitude-, latitude-and continental effect (e.g. Gat et al., 2001) . At high latitudes, stable isotope concentrations are strongly correlated with ambient surface temperatures ("temperature effect"), whereas at low latitudes the concentrations primarily depend on the precipitation amount ("amount effect"). At middle latitudes, the amount effect can be identified during summer (Dansgaard, 1964) . Bowen (2008) showed 18 that a significant correlation between δ O values and temperature can be found poleward of 30°N/S, with exceptions at some maritime stations and in south-east Asia. Moreover, it 18 was indicated that there is a correlation between δ O values and precipitation amount across much of the land area at latitudes < 30°N/S. Stable isotope analysis has numerous applications in earth sciences. In ice cores collected from high-latitude ice sheets and from mid-latitude and tropical mountain glaciers, stable isotope records are used to reconstruct past climate conditions (e.g. Johnsen et al., 1995; Thompson et al., 2000) . Isotope values in lake and ocean sediments (e.g. Gat, 1996) , cave speleothems (Spötl and Mangini, 2002) , tree rings (McCarroll and Loader, 2004) etc. are analyzed and interpreted for similar reasons.
In groundwater studies, stable isotopes and the radioactive hydrogen isotope tritium are used to study infiltration processes and to determine the age and origin of the groundwater (e.g. Schlosser et al, 1988) .
In general, isotope hydrology studies share the prerequisite that the stable isotope ratios of precipitation is known, since precipitation is the primary input to surface water (e.g. ocean, lake and river) and groundwater (Harvey and Welker, 2000) .
Stable isotopes in precipitation and in related climate proxies are used to improve our understanding and to recon-___________________________________ _____________________________ _ struct periodicities of climate oscillations, such as the El Niño Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO) and the North Atlantic Oscillation (NAO) (Brienen et al., 2012; Mantua and Hare, 2002; Barlow et al., 1993) .
Sequential sampling and analysis of isotope values during individual rainfall events allows the investigation of precipitation formation conditions (CelleJeanton et al., 2004; Miyake et al., 1968) .
Models of varying complexity, such as the Rayleigh and Atmospheric General Circulation Models (AGCM), have been developed and applied to improve our understanding of the isotope water cycle and isotope climate dynamics, both on a global and on a regional scale Sturm et al.,2005) .
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In isotope studies, the ratio of heavy isotopes (D and O) in comparison with the light and most abundant isotopes (H 16 and O) is usually given in relation to a reference standard.
This leads to the so-called delta values: δD and δ O (Coplen, 1994) .
Currently, stable hydrogen and oxygen isotope abundances are expressed in relation to the Vienna Standard Mean Ocean Water (VSMOW), which is provided by the IAEA (International Atomic Energy Agency) (Coplen et al., 1994 ).
On a global scale, δD and δ O values in meteoric waters reveal a quasi-linear relationship that can be approximated by the Global Meteoric Water Line (GMWL) (Craig, 1961) :
The slope relates to the ratio of the equilibrium fractionation factors for deuterium and oxygen-18. These fractionation factors, and thus the slope, are temperature dependent. For instance, at a temperature of 25°C the slope is roughly 8 (Clark and Fritz, 1997) . The y-intercept value is termed deuterium excess (d). It is controlled by kinetic processes (Dansgaard, 1964 ). leads to higher deuterium excess values in the vapor and lower values in the residual. Thus, there are two main stages controlling deuterium excess values: During evaporation from the ocean and during the fall of water-droplets from the cloud base to the ground.
Several different types of models have been developed to understand and simulate the global distribution of stable isotope concentrations in precipitation . However, even Rayleigh models, which take kinetic fractionation processes during evaporation (Merlivat and Jouzel, 1979) and during ice formation (Jouzel and Merlivat, 1984) into account, cannot do justice to the complexity of the global hydrologic cycle; e.g. they do not include mixing of different air masses, the complex behavior of convective cloud processes or the influence of evapotranspiration over continental surfaces (Sturm et al, 2005; Hoffmann et al., 2000) .
In Austria, the factors that specifically affect δ -values and deuterium excess values are: the ratio of re-evaporation (in summer), the evaporation of nearby water bodies such as lakes, Mediterranean versus Atlantic origin, seasonal shift of the vapor source region and altitude of the sampling station.
Several isotope studies have been conducted in Austria. A study of isotopes in precipitation by Humer et al. (1995) summarized several isotope effects and an Austrian Meteoric Wa-
ter Line was defined as: δD = 8.2 δ O + 10.6. Moreover, an altitude effect was found to be 0.16 ‰ • 100 m-1. Kaiser et al. (2001) studied long-term isotope records and the connection between isotope values of precipitation and air moisture origin. It was found that long term records of isotope values are in accordance with surface air temperatures and that isotope values also largely correlate to the North Atlantic Oscillation (NAO) index. Local variations of deuterium excess were found in the Alpine region and attributed to secondary fractionation processes. Moreover, first attempts at using statistical analysis of back trajectories were made to trace the path and isotopic evolution of air masses. Rank and Papesch (2005) studied deuterium excess patterns of precipitation. They found that there is no significant difference between northern and southern stations and that the reason for the differences in deuterium excess is evaporation and/or isotopic exchange with air moisture during the fall of raindrops. This study concludes that deuterium excess values do not seem to be a reliable tool to trace the origin of air masses in Austria.
Although stable isotope studies for Austria already exist, the present study is more comprehensive than former studies in many respects. For example, the observational period of our study is longer compared to other isotope studies in Austria (e.g. the observational period of Humer et al., 1995 Humer et al., , was from 1973 Humer et al., -1992 . As mentioned earlier, stable isotope values are temperature dependent. In Austria, the last decades were marked by a considerable surface temperature increase ) which might have affected stable isotope patterns. Therefore, we believe that there is a great need for more up to date baseline stable isotope data. Moreover, we believe that this is the first study that defines Local Meteoric Water Lines and isotope/temperature gradients on a monthly and amount-weighted basis in the period from 1973 to 2002. To the best of our knowledge, an Austrian Meteoric Water Line and an altitude effect on an amountweighted basis have not previously been defined for the period from 1973 to 2002.
The analysis of isotope data collected at stations across Austria will improve the understanding of isotope fractionation processes in mountainous mid-latitude continental regions. In addition, the results of our study can be used in future hy- Alpine climate -a great extent of the Austrian territory is mountainous. The term "Alpine climate" refers to a cold mountain climate. The precipitation signal is characterized by strong spatial variability covering the scale of the whole Alps to the scale of single slopes. This concerns both, the occurrence of heavy precipitation events as well as the long _________ term mean (Cebon, 1998) . Pannonian climate -the eastern part of Austria is part of the Pannonian Basin (Pannonian Plain). This lowland region covers the region from the northern Burgenland to the Vienna basin. A characteristic cyclone influencing this region is the "Genoa low". Genoa cyclones are low pressure systems which are generated over the Gulf of Genoa and northern Italy. The climate in eastern Austria is warm compared to other regions in Central Europe and is also characterized by low precipitation amounts in winter. Illyric climate -this climate is dominant in southeastern Austria. It is a combination of Mediterranean, Pannonian and In general, the main sources of precipitation are the Atlantic Ocean and the Adriatic Sea (Liebminger et al., 2007) .
The Alps act as a meteorological divide for the movement of cold air masses passing to the south from the northwest Atlantic and northern Arctic regions. As a result, the regions south of the Alps are less affected by the Atlantic climate and are more strongly influenced by the Mediterranean climate. The extent to which the Alps act as a weather divide depends primarily on the respective time of the year. The shielding effect mainly appears in the winter season and is less prevalent to non-existent during summer and autumn. The effect itself can be explained by the cloud base height (i.e. the height at which the temperature equals the dew point). In winter, the cloud base is rather low. Thus, humid air masses cannot pass the Alpine mountain range during that season. Consequently, the precipitation signal in southern Austrian regions (e.g. at the station Graz) during winter can mainly be associated with a southern region as its source (e.g. Adriatic Sea) (Wakonigg, 1978) .
All climate regions in Austria show strong seasonal air temperature ( (Fig. 2) . Details on how missing values were handled in this study can be found in Hager (2012) . In short, we used the method of least squares on the temporal monthly 18 (1973 -2002) Monthly information can generally not be derived from paleoclimate archives. In an idealized case, the best isotope signal preserved in an annual layer of an archive is attributed to the annual sum of precipitation. To gain weighted annual isotope values similar to those preserved from climate proxies, we used monthly isotope data and precipitation amounts (e. g. Zuppi, 1981) : m m P refers to the monthly precipitation amount and δ to the i i 18 respective δ value, δ O or δD. We assume that a better correlation of isotope values would be found with cloud base temperatures rather than surface temperatures (Rindsberger et al., 1983) . However, such data were not available for Austria. Nevertheless, the differences between the mean surface temperature and the temperature during precipitation events must be emphasized. Temperatures during precipitation events ("precipitation temperature") were calculated using hourly data of temperature and preci- 
pitation amount.
Multiple linear regression analyses
Similar to other studies in mid and low latitudes, e.g. in China (Johnson and Ingram, 2004) , Guatemala, and Belize (Lachniet and Patterson, 2009), we run single and multiple regression analyses to emphasize the dependence of isotope values on the temperature and precipitation amount at the study sites. The results of the multiple linear regression analyses are summarized in table 2. Details on how the regression analyses were performed in this study can be found in the appendix section.
At the stations in Graz, Vienna, Längenfeld, Bregenz, Feuerkogel and Klagenfurt, a significant relationship between the two predicting variables (T, P) and the dependent variable contrast, at the stations in Patscherkofel, Scharnitz, Kufstein, Salzburg and Lahn, the influence of the precipitation amount is not statistically significant. As can be seen in table 2, the 18 precipitation amount contributes less to the δ O values than the temperature does. These results emphasize that the main driving factor in Austria is temperature, which confirms the findings of Bowen (2008) . On a global scale, stable isotope values in precipitation vary spatially depending on geographic parameters such as altitude, latitude and longitude.
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For Austria, the effect of these parameters on δ O values is investigated with linear regression analysis. The influences of the variables latitude and longitude are not statistically significant on any significance level. As mentioned earlier, Austria is affected by different climates ranging from Atlantic and Mediterranean influences in the west and south to continental
features in the east, and from low elevation valleys and basins to high elevation mountain climate (Longinelli and Selmo, 2003) ) and to those in many other European countries (e.g. Siegenthaler and Oeschger, 1980) .
Local Meteoric Water Lines
In general, local meteoric water lines (LMWL) can provide information regarding the vapor origin, the aggregate phase of the precipitation (snow or rain) and the secondary evapo- ration and moisture recycling history of falling rain droplets (Gat, 2000) . Moreover, a local meteoric water line (LMWL) of precipitation provides information about the isotopic composition of precipitation at a specific location and it can be compared to the LMWL of other water sources to identify the origin of e.g. groundwater and surfacewater (Liu et al., 2010) . Consequently, the results of this study can be used in future groundwater, surface-water and catchment studies.
To define an overall Austrian Meteoric Water Line (AMWL), the average of the weighted annual mean isotope values of 14 ANIP stations is used. The line of best fit for this relation-
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ship is δD = 7.5 δ O + 3.2 (Fig.   2 3) with a high correlation (R = 0.97). Both the slope and the intercept are lower than for the GMWL. This can be assigned to secondary evaporation processes into unsaturated air as kinetic fractionation leads to a lower slope and a lower intercept of meteoric water lines (Gat, 2000) . The AMWL is similar to the local meteoric water lines of other Alpine regions. For example, the 18 LMWL of Italy is δD = 7.61 δ O + 9.21 (Longinelli and Selmo, 2003) and the line of Germany 18 is δD = (7.09 ± 0.60) δ O + (0.31 ± 0.07) (Stumpp et al., 2014 is very different to the one found in our study. One reason for this could be the different observation periods, with the time period having been considerably shorter in the study of Humer et al., (1995) , while another explanation could be the fact that different stations were used in their study.
The local meteoric water lines using weighted annual (weighted by the monthly amount of precipitation) and un-weighted monthly isotope values of single stations are presented in table 3. The respective correlations are strong for annual weigh-2 ted (R > 0.9) and very strong for monthly un-weighted val-2 ues (R > 0.97). As mentioned before, these lines are affected by a combination of several factors including air mass origin, (1973 -2000) , Scharnitz (1973 Scharnitz ( -1997 and Längenfeld (1973 Längenfeld ( -1999 re-evaporation and mixing of air moisture (Gat, 2000) . Therefore, interpreting these data is rather difficult. Several stations (i.e. Graz, Scharnitz, Bregenz, Böckstein) feature local meteoric water lines (weighted) close to the Global Meteoric Water 
Generally, on a seasonal (monthly) basis, the δ O/T relationship ranges from a slope of 0.5 ‰/°C at higher latitudes to 0 ‰/°C at lower latitudes (Gat et al., 2001) . Austria is located 
Stable isotope values (δ O and δD) have repeatedly been used to reconstruct paleotemperatures from climate archives.
At high latitudes, for instance, δ O values in ice cores are interpreted as a measure for temperatures at the core samp-18 ling site (Cuffey et al., 1995) . For the global spatial δ O/T relationship, the study of Dansgaard (1964) is high (R = 0.85) (Fig. 4) . It has previously been noted that the various Alpine regions are subjected to different vapor source regions. They therefore show substantial differences in the distribution of precipitation and differ in their precipitation generating mechanisms. Thus, defining an exact and universally valid isotope/temperature gradient for Alpine regions is generally not possible (Schotter et al., 2010) .
Compared to the European
δ O/T gradient of 0.58 ‰/°C as defined by Rozanski et al. (1992) the gradient is rather low. Moreover, Rozanski et al.
(1992) used un-weighted δ O values, which make the comparison of the gradients rather difficult. We also calculated temporal
δ O/T gradients of single stations, demonstrating that the coefficient of determination between surface temperature means and weighted mean annual values is mainly low and that the isotope/temperature gradient ranges from 0.17 to 0.90 ‰/°C (Tab. 5). In summary, there are strong differences between the temporal δ O/T gradients and a strong deviation of the gradients (for most stations) to the spatial gradient. In addition, the correlation coefficients of 18 these temporal δ O/T relationships are mostly low. If isotope records should in fact encode temperature, it must be precipitation temperature, not the average temperature (Kohn and Welker, 2005) . There is a direct connection between the temperature and precipitation amount -meaning that events with higher precipitation amounts contribute more to an isotope record. If we want to interpret isotope values in terms of temperature change, the connection between mean temperature and precipitation temperature should be exami-________ ned in more detail.
For Austria, the difference between the temperature during precipitation events and the average temperature values is emphasized by the example of the station in Graz.
As illustrated in Kohn and Welker (2005) by using the formulas presented in chapter 3. The mean monthly precipitation temperatures are significantly lower than the mean monthly surface temperatures in summer and slightly higher in winter (Fig. 5) . The difference in summer results from evaporative processes and negative advective heat transport. The difference in winter (December and January) might be due to cloud cover, which reduces cooling, and due to warmer air, which holds more moisture and thus leads to higher precipitation amounts (Kohn and Welker, 2005) .
The temporal δ O/T gradient using monthly data is higher for the precipitation temperature (0.52 ‰/°C) than for the mean temperature (0.42 ‰/°C).
As can be seen in 
Seasonal isotopic variability 18
The seasonal variation of δ O values in precipitation from selected ANIP stations is presented in Figure 6 .
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The mean monthly δ O concentrations of ANIP stations indicate an almost parallel evolution with annual temperature cycles (Fig. 1) Clark and Fritz (1997) in general, and for Austria by Fröhlich et al. (2008) in particular. The issue can be summarized as follows:
Secondary evaporation and moisture recycling processes are controlled by regional conditions. Whereas secondary evaporation decreases deuterium excess values of precipitation (and on the other hand increases deuterium excess of the ambient vapor), moisture recycling increases deuterium excess of precipitation. Secondary evaporation is controlled by saturation deficit and by the distance from the cloud base to the ground. Thus, the effect on the deuterium excess value is higher at valley and lowland stations than at mountain stations. Moreover, the cloud base height is higher during summer and autumn, which means that the secondary evaporation effect is higher during these seasons.
In addition, Figure 7 indicates that the difference between mountain stations (e.g. Patscherkofel) and lowland stations (e.g. Graz) is less pronounced in winter, which can be explained by the dominant form of precipitation during that season, snow, which mainly stays unchanged during its fall to the ground (Clark and Fritz, 1997) .
Conclusion
In this study, the isotope records of ANIP stations were analyzed and evaluated. The observational period was from 1973 to 2002. This study provides baseline data which can be used for future palaeoclimate, hydrological and hydrogeological studies in Austria.
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There is a good correlation (R = 0.85) between average annual temperatures and the average of weighted annual mean equation is δ O = 0.39 T -13.7 ‰. Regression analyses emphasize that the temporal isotope variability is controlled by both temperature and precipitation amounts at the stations in Graz, Vienna, Längenfeld, Bregenz, and Feuerkogel. At the stations in Patscherkofel, Scharnitz, Kufstein, Salzburg and Lahn the dependence on the precipitation amount is statistically not significant.
On a spatial basis, altitude is the predominant factor, whereas the influence of latitude and longitude is statistically not significant. This is most likely due to the influence of different climates in Austria, which average out the global circulation patterns.
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The seasonal δ O variability is in accordance with the seasonal temperature variability of each study site. Highest values are found at the stations in Graz and Vienna, the lowest values are observed at mountain stations in Patscherkofel and Feuerkogel.
An Austrian Meteoric Water Line can be determined using the averages of weighted annual mean values of different
ANIP stations. The equation is δ O = 7.5 δD -3.2. Both, slope and intercept are lower than corresponding values of the Global Meteoric Water Line, which is probably the result of sub-cloud evaporation during precipitation.
Local meteoric water lines of single stations using weighted isotope data are presented. These lines can be used as baseline data for future groundwater and surface-water investigations.
